Introduction
Implementing well-established numerical modellings along with the incorporation of the random field theory and Monte Carlo simulations, innumerable studies have been performed throughout the literature regarding the introduction of uncertainty involved in the estimation of soil properties into the variety of geotechnical problems, including bearing capacity and settlement of shallow and deep foundations, slope stability and liquefaction hazards [2, 4, 6-8, 11-16, 18-20, 22] .
Despite these comprehensive studies on the numerical simulation of soil spatial variability and due to the large amount of cost and time required to construct full-scale physical models, there exist very few studies in the literature on the experimental verification of the numerical models, inspired by the seminal contributions of Garzón et al. [9] , Ghoreishi [10] and Taleb [21] . In an innovative and comprehensive study performed by Garzón et al. [9] , random field theory was combined with the geotechnical centrifuge modelling in order to propose a novel technique for the construction of reducedscale soil models with controlled spatial variabilities. With such a broad applicability for the verification and calibration of the numerical simulations, this new methodology was observed to offer the possibility for the study of the effects of soil variability on the behavior of geo-structures. This novel approach was later employed by Ghoreishi [10] and Taleb [21] in separate studies to reconstitute the heterogeneous physical models for the characterization of their properties in direct shear apparatus.
Apart from these pioneer advances, to the best of authors' knowledge, there exists no study throughout the literature on the physical modelling of soil spatial variability along with the experimental evaluation of the consolidation properties of heterogeneous soil samples. In this study, random field theory concepts are implemented to reconstitute several heterogeneous soil physical models using the variable proportions of homogeneous kaolin-bentonite mixtures. In order to justify the use of the kaolin-bentonite mixtures for the heterogeneous sample construction, their physical and mechanical properties are thoroughly investigated through several index and oedometer experiments which are then utilized to simulate the spatial variability in the heterogeneous model. The constructed physical models are then subjected to several stages of consolidation process in a large scale consolidometer to examine the effects of heterogeneity and spatial variability on the consolidation and permeability parameters of the tested soils.
Material used
The primary soils used in this study are commercially available bentonite, kaolin, and colorants. Bentonite and kaolin, which were procured from a local supplier, have been selected in this study to virtually reconstitute heterogeneous samples in the laboratory. As defined by geologists, bentonite is a highly colloidal and plastic clay composed mainly of the mineral montmorillonite. It has high capability to absorb water and is widely used in the civil engineering projects as a barrier for landfills, slurry walls and grout curtains due to its small particle size, low permeability and high swelling potential. The reason behind using bentonite as one of the constituents lies on the fact that it offers versatility for heterogeneous sample construction as its properties varies with the moisture content. On the other hand, kaolin, commonly referred to as china clay, is a natural clay formed by rock weathering and consists of kaolinite, quartz, mica, feldspar, illite and montmorillonite [17] . Kaolin, used as the other constituent of the heterogeneous samples, renders stability to mixture, thus enabling to achieve blends with higher strength or permeability. Different from bentonite, kaolin possesses a very low potential to absorb water [17] . On the other hand, similar to bentonite, it is also a low permeability clay; however, its permeability is higher than that of bentonite. Mixing bentonite with kaolin leads to enhance the strength properties and causes the compressibility characteristics of the mixture tending towards those of bentonite. In other words, bentonite, for its water affinity, is to be mixed with kaolin, representing less active material, to render a spectrum of blends which are utilized to reconstitute the so-called heterogeneous soil samples.
The grain size distribution curves of the kaolin and bentonite are presented in Fig. 1 . According to the Unified Soil Classification System (USCS), they can be both classified as high plastic clays (CH). Table 1 also presents the index properties of the clays used in this study. As can be seen in this table, bentonite has smaller particles with larger specific surfaces compared to kaolin, leading to the higher potential for swelling and plasticity which can be attributed to its affinity for water absorption. On the other hand, the kaolin particles can be compacted more than bentonite in a given volume, resulting in the higher maximum dry density for kaolin in a standard Proctor compaction test. Moreover, the optimum moisture content is higher for the bentonite compared to the kaolin (Fig. 2 ).
Index properties of homogeneous soil clusters
In order to justify the use of kaolin-bentonite mixture to fabricate different realizations of the heterogeneous samples, their respective physical and mechanical properties are obtained through various experimental techniques, which are summarized hereafter. The mechanical behavior for such soil samples was first expressed by Burland [3] who tried to propose a correlation between the geotechnical properties of reconstituted and natural clay samples. In this study, in addition to pure kaolin and pure bentonite, seven extra reconstituted homogeneous mixtures were prepared, as shown in Table 2 . Colorant was employed to differentiate between the mixtures. All the mixtures were constructed in a water content equal to the liquid limit of the soil. A set of index tests, including sieve analysis, hydrometery, Atterberg limit test, specific gravity and compaction test, were carried out on the homogeneous soil mixtures. As can be seen in Table 2 , as the specific gravity of the mixture increases, its plastic behavior also shows ascending trend. In order to classify the soil mixtures, the well-established Casagrande plasticity chart along with the classification chart for the degree of swelling potential, originally developed by Dakshanamurthy and Raman [5] , are adopted. As can be observed in Fig. 3 , considering six different categories based on the soil liquid limit, Dakshanamurthy and Raman [5] tried to develop a criterion for the soil swelling potential. According to them, the mixtures S1 and S2 in this study have got high, while the other mixtures have got extra high degree of swelling potential. In addition, the first two mixtures are classified as medium and the other mixtures are categorized as very high in terms of the degree of swelling potential.
Consolidation of homogeneous clusters
Soil consolidation properties are essential parameters in the characterization of the soil mechanical behavior. The compressibility of a soil is often measured in a laboratory device known as an oedometer or consolidometer. The oedometer test is a useful experimental tool to determine the compressibility characteristics of the soils, including the compression index, C c , coefficient of volume compressibility, m v , hydraulic conductivity, k v , and the coefficient of consolidation, c v .
Kaolin-bentonite mixtures, typically used as a liner material in the landfills, are quite susceptible to consolidation settlement during the life of geo-structure. Therefore, the settlement analysis of these mixtures is a critical part of the geotechnical design of such structures. In this study, the influence of bentonite addition and consolidation pressure on the various consolidation parameters of the nine different kaolin-bentonite mixtures, introduced earlier, is evaluated.
Experimental procedure
In this study, several consolidation tests were performed to determine the consolidation behavior of nine kaolin-bentonite mixtures, as presented in Table 2 . Tests were conducted on the samples of 60-mm diameter and 20-mm thickness according to ASTM D2435-03 [1] using the standard oedometer. The cylindrical soil sample is confined inside a ring in order to prevent lateral strain. Porous stones are placed on both sides of the soil to permit the escape of water. The samples were prepared by mixing dry powders of kaolin, bentonite and sufficient amount of colorant, passing sieve No. 200 and the initial water content of the mixture was considered equal to its respective liquid limit. In order to avoid the friction between the ring and the soil inside, the wall of the ring was smeared with the silicone grease. The vertical load is applied to the soil by means of weights applied through a lever system to the top of the soil. The amount of vertical settlement experienced by the soil as a result of the application of overburden pressure is measured by means of a dial gauge. In order not to let the sample to swell and to reach the stable condition, the samples were pre-pressurized by 7 kPa before the start of the tests. The conventional testing technique consists of applying successive increments of load and observing the deflection after each increment until the movement ceases. In a saturated soil sample, the application of the vertical load results in the development of an excess pore pressure (equal to the vertical stress applied) within the soil which gradually dissipates as water is expelled from the soil through the porous stones. Movement of the soil continues until the excess pore pressure has been fully dissipated. In this study, all the samples, initially loaded to a pressure of 7 kPa, were subjected to the gradual incremental loading steps up to a maximum pressure of 200 kPa. Each pressure step was maintained on the samples for 48 h so as to let the excess pore water pressure dissipate. Based on the experimental results, there is a correlation between the percentage of bentonite in the mixture and the consolidation parameters, i.e. compression index (C c ), coefficient of consolidation (c v ) and the time for 50% of consolidation (t 50 ). Figure 4 shows the one-dimensional compression curves for the reconstituted soil mixtures covering a wide range of plasticity. The results obtained from the consolidation experiments are also summarized in Table 3 . Compression index (C c ) for the samples was calculated as the slope of the straight line portion of the virgin e-log p curve as follows:
Results of consolidation tests on homogeneous clusters
where e i and e j refer to the void ratios corresponding to the consolidation pressures of p i and p j , respectively. Taylor's method was adopted in this study to obtain the coefficient of consolidation (c v ). In order to check the reproducibility of the test results, a few samples (S1, S2 and S3) were chosen randomly, and the consolidation test was repeated. The
(1) C c = e i − e j log p i p j Fig. 4 Consolidation curves of the homogeneous soil mixtures differences between the results of the two tests remained within ± 10% error which is quite acceptable. Figure 5 shows the variation of the compression index with the percentage of bentonite in the mixtures. As can be observed in this figure, the increase in the bentonite percentage leads to the increase of the compression index of the kaolin-bentonite mixture which in turn implies a larger decrease in the void ratio of the mixture upon a particular stress increment. This means that a greater volume of water must be expelled from the soil, thus requiring a longer time period. Figure 6 illustrates the variation of the coefficient of consolidation (c v ) with the bentonite percentage used to prepare the samples. As shown in this figure, for some mixtures, c v values were found to increase with the increase in the consolidation pressure, indicating that the mixtures consolidate at a higher rate when subjected to a higher overburden pressure. The results also show that irrespective of the overburden pressure, the c v values decrease with the increase in the percentage of bentonite present in the kaolinbentonite mixtures. Accordingly, t 50 values for the mixtures were observed to increase with the increase in the percentage of bentonite in the mixtures.
Increasing the consolidation pressure, leads both permeability coefficient (k v ) and coefficient of compressibility (m v ) to decrease rapidly, resulting in a fairly constant value The stress-strain relationships obtained from the oedometer tests for the nine mixtures are shown in Fig. 7 . As can be observed in this figure, while the pure kaolin has smaller strain among the investigated mixtures, the pure bentonite experiences the highest strain. Mixing the bentonite with the kaolin produces a mixture with the stiffness characteristics closer to those of bentonite. The kaolin exhibits a stiffer and more brittle behavior during the consolidation process compared to the bentonite which renders a semi plastic to plastic responses. This implies that the bentonite content plays an important role to produce a smoother and more plastic behavior of the mixture upon the load application. Figure 8 shows the variation of the coefficient of consolidation with the applied stress for variable kaolin-bentonite mixtures. As shown in this figure, in the mixtures with a greater amount of kaolin, the coefficient of consolidation increases with the increase in the consolidation pressure. On the other hand, for mixtures in which bentonite is predominant, increasing the consolidation pressure leads to lower values for the coefficient of consolidation. For the mixtures S4 and S5, there exists no specific trend between the consolidation pressure and c v . These observations can be attributed to the fact that the bentonite particles are smaller with larger specific area as compared to kaolin particles. In addition, there exist more negative charges on the surfaces of the bentonite particles, resulting in a considerable amount of repulsion forces among them. The repulsion forces due to the negative charges on the particle surfaces prevent the particles to become more compressed during the application of consolidation pressure. In other words, higher pressures, which cause the particles to approach each other, result in the increase of the repulsion forces, leading to the prolonged consolidation process. Figure 9 shows the variation of the volume compressibility coefficient (m v ) with the percentage of bentonite present in the mixtures. The compressibility coefficient is defined as the volumetric strain due to a unit increase in the stress level. In this Fig. 8 Influence of stress level on the coefficient of consolidation study, the void ratio of the samples at each pressure step is measured which in turn will be utilized to evaluate the volumetric strain through the following correlation:
where V V is the change in the void volumes, V s and V v are the volumes of solid and void, respectively, e is the change in the void ratio and e i is the initial void ratio of the sample.
As a result of an oedometer test, application of the overburden pressures (�σ ′ v ) leads to the accumulated volumetric strain and consequently, the void ratio of the mixture changes. Accordingly, the coefficient of compressibility (m v ) can be estimated by the following formula:
As shown in Fig. 9 , m v values follow an ascending trend with the percentage of bentonite for the whole range of bentonite content. A greater compressibility leads to a greater decrease in the void spaces of the soil for a particular change in the overburden pressure. This means that a greater volume of water must be expelled from the soil sample which requires a longer period of time, resulting in a lower rate of consolidation.
Another parameter that influences the rate of consolidation is permeability. An increase in the permeability of the soil causes an increase in the rate of seepage flow. Having a greater rate of water expulsion from the soil, the pore pressure dissipates more rapidly, leading to a faster rate of consolidation. As can be observed in Fig. 10 , the addition of a small amount of bentonite to the kaolin leads to a significant reduction of the permeability coefficient. Moreover, beyond about 30% of bentonite content, the coefficient of permeability of the mixture is almost the same as that of pure bentonite. In other words, this specific percentage is the threshold bentonite content for kaolin-bentonite mixtures after which bentonite portion of the mixture is controlling the soil behavior. Fig. 9 Influence of bentonite content on the compressibility of soils
Random field theory concepts
Due to the large amount of uncertainties involved in the geotechnical engineering problems, probabilistic analysis of soil spatial variability in such analyses using random field theory would lead to more realistic and conservative outcomes. Inherent soil spatial variability refers to the general variation of soil properties among the points throughout the soil medium. Considering a typical soil property as the random variable, its geo-statistical parameters can be described through the mean (μ x ), variance (σ x 2 ), standard deviation (SD or σ x ), coefficient of variation (COV), which are defined as follow: where x i is the soil parameter of interest and n is the number of sampling points throughout soil strata. The other important parameter for the characterization of probabilistic soil properties is the scale of fluctuation (θ), defined as the length beyond which no significant correlation in a specific soil property is observed. In other words, scale of fluctuation is the statistical parameter to characterize the degree of correlation of a soil property within the soil medium. The scale of fluctuation can be described in both the horizontal and vertical directions, denoted as θ h and θ v , respectively.
In order to generate a random field for the soil properties, which are usually strictly non-negative, a log-normal distribution could be adopted. Accordingly, the soil property is defined as follows: where ξ X is the respective soil property assigned to the different zones ( X ) in the problem domain, ε lnξ X is an independent standard normally distributed random field with zero mean and unit variance, µ lnξ X is the mean of the logarithm of ξ and L is a lower-triangular matrix which is obtained from the covariance matrix using Cholesky decomposition technique. For an isotropic soil stratum, the covariance matrix is defined as a general exponential Markovian function as follows:
where "d" is the center to center distance of two zones and σ 2 lnξ is the variance of the logarithm of ξ . µ lnξ X (in Eq. 8) and σ 2 lnξ (in Eq. 9) are obtained adopting log-normal distribution transformations as follow:
Using the Cholesky decomposition technique, the covariance matrix A, defined by Eq. 9, can be split into two matrices as follows:
where L T is the transpose matrix of T. Matrix L is then substituted in Eq. 8 to thoroughly characterize the random soil property ξ.
Reconstitution of heterogeneous samples
As mentioned earlier, in the second part of this study, nine soil clusters were mixed to form stochastic realizations with the moisture contents corresponding to their respective liquid limits. This amount of moisture content is sufficient to achieve a level of workability suitable to make the strings of slurry in the heterogeneous sample preparation process. The moisture content of the mixtures could not be enhanced further due to the high compressibility of the slurry, which in turn would not leave enough solid material during consolidation and upon shearing. Adopting different soil clusters along with the random field theory concepts discussed above, several heterogeneous soil physical models were constructed in this study. Figure 11 shows the different stages of heterogeneous physical model construction and its subsequent consolidation. In total, six heterogeneous models with different stochastic parameters were constructed and tested in this study. Each heterogeneous soil model consists of one hundred elements of the random field placed one by one in layers starting from the bottom of the box. The basic properties of the six physical models along with their stochastic Table 4 . The heterogeneous physical model was constructed by using the syringe for placing the strings of slurries in the prefabricated perforated wooden box, which was 150 mm deep, 100 mm wide and 100 mm long (Fig. 11) . For drainage purposes, several holes have been embedded on the side walls and bottom plates of the box which were covered with some filter sheets to prevent the holes from getting clogged. In order to restrict the model laterally, the box was tied up with a metal wire.
Once the heterogeneous sample was constructed, it was subjected to consolidation. All the samples were consolidated in three different overburden pressures, including 25 kPa, 50 kPa and 100 kPa. Each pressure step was maintained for 48 h to allow for the dissipation of the excess pore water pressure.
Hydraulic conductivity of the heterogeneous models
During the process of consolidation for the prepared heterogeneous physical models, their settlements were recorded at the end of each equilibrium stage. Table 4 shows the measured compressibility parameters of the heterogeneous tested samples. Based on the values presented in this table, the coefficient of consolidation increases, while the compression index decreases with the increase of the coefficient of variation (COV). Figure 12 shows the variation of the coefficient of permeability with stochastic parameters for heterogeneous soil samples. The higher coefficient of variation for heterogeneous soils is an indication of more variability of the mixtures. Based on the experimental results depicted in Fig. 12a , the coefficient of permeability increases with the increase of the coefficient of variation. Moreover, increasing the scale of fluctuation from 2 to 20 cm leads to the lower obtained values for the permeability coefficient and coefficient of consolidation, as illustrated in Fig. 12b . Table 5 presents the comparison between the compressibility parameters for homogeneous soil mixtures and heterogeneous soil physical models. The permeability coefficients for the heterogeneous soils are close to the pure bentonite due to the threshold bentonite content discussed earlier. Also sample HS-3 has the highest permeability coefficient values due to the high percentage of kaolin present in these soil models.
Concluding remarks
In this study, the physical modelling of heterogeneity was substantiated by combining nine homogeneous soil clusters of kaolin-bentonite mixtures using the random field theory concepts. Considering the preliminary properties of the kaolin-bentonite mixtures and adopting variable specific realizations of their liquid limits, different discrete cells in the heterogeneous physical model were associated with the particular random soil properties. The constructed physical models were then subjected to successive consolidation stages in a standard oedometer apparatus and the respective consolidation parameters were quantified. Based on the experimental results, soil heterogeneity and inherent variability were observed to have a considerable influence on the consolidation parameters of the soils. Furthermore, the results showed that the greater heterogeneity in the soils, expressed through higher coefficient of variation (COV), leads to the increase in the hydraulic conductivity, while the larger correlation distance inside the heterogeneous physical model results in the increase in the time required for the excess pore water pressure to dissipate, which in turn leads to the reduction of the hydraulic conductivity and coefficient of consolidation. The experimental modelling of soil spatial variability, developed in the past studies and employed here, could be utilized as a verification tool for the numerical simulation of random field theory. However, more Table 5 Comparison  of  the  compressibility  and  permeability  parameters  between justifications are required on the minimum number of physical realizations to capture a vivid picture of the stochastic variation of mechanical and hydraulic parameters of heterogeneous samples in geotechnical engineering applications.
